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Abstract 
 
Surface Energy Characterization of Reservoir Rocks 
 
Naveed Arsalan, M.S.E. 
The University of Texas at Austin, 2011 
 
Supervisor:  Quoc P. Nguyen 
 
The fundamental forces of adhesion are responsible for the spreading of fluids 
such as crude oil/brine on the reservoir rock surface. These physico-chemical interactions 
determine the surface energetics of a reservoir and thus their wetting phenomena. Inverse 
Gas Chromatography is introduced to characterize the surface energy of carbonates 
(calcite and dolomite) and sandstones (Ottawa sand and Berea sandstone). The behavior 
of the polar and non-polar interaction forces was investigated at varying water coverage 
and at different temperatures. The results indicated that in general as the water coverage 
increased, the Lifshitz-van der Waals component of surface energy decreased to nearly 
that of the bulk water, while the acid-base component also showed a decreasing trend. 
The Lifshitz-van der Waals component of surface energy always decreased with increase 
in temperature, while the acid-base properties mostly increased with temperature with the 
exception of calcite. 
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Chapter 1: Introduction 
The basic reservoir properties which determine the feasibility of an oil and gas asset are 
porosity, permeability and wettability. Porosity relates to the amount of oil in place 
whereas permeability relates to the rate at which oil can be produced (Thomas et al., 
1993). Wettability describes the tendency of a fluid to adhere to a solid surface in the 
presence of another immiscible fluid (Crocker and Marchin, 1988). Based on the affinity 
of the rock surface for either oil phase or water phase, the reservoir is either termed oil-
wet or water-wet. Thus wettability governs the fluid flow during the reservoir production 
and is a critical determinant for establishing the ultimate oil recovery from the reservoir.  
 The conditions that establish a given reservoir wettability are not well k nown. 
However an attempt is made to understand the interaction between the reservoir fluids 
and the rock surface which are responsible for the adhesion phenomena. These 
interactions are physical and chemical in nature, which determines the energy of forming 
a unit area of interface. As a result, characterization of surface energetics is essential in 
understanding the fundamental nature of reservoir wettability.  
One of the most commonly used parameters for the description of the energetic 
situation on the surface is the surface energy. The surface energy is thus defined as the 
energy required to form (or increase) the surface by a unit surface under reversible 
conditions and is the analogue to the surface tension of a liquid. This means in practical 
terms that the higher the surface energy, the more reactive the surface.   
 2 
 Surface energy quantifies the disruption of intermolecular bonds that occurs when 
a surface is created. In the physics of solids, surfaces must be intrinsically less 
energetically favorable than the bulk of a material; otherwise there would be a driving 
force for surfaces to be created, and surface is all there would be. The surface energy may 
therefore be defined as the excess energy at the surface of a material compared to the 
bulk. 
The intrinsic surface forces that take part in fundamental adhesion can be 
attributed to the fact that atoms and molecules in that region usually possess reactivity 
significantly different from units in the bulk. In the bulk phase, a unit experiences a 
uniform force field due to interaction with neighboring units. However, if a surface is 
created by dividing the bulk phase, the forces acting on the unit at the new surface are no 
longer uniform. Due to the missing interactions, the units are in an energetically 
unfavorable condition, i.e. the total free energy of the system increased. This increase in 
energy is termed the “surface free energy” or more accurately the “excess surface free 
energy”. In order to restore equilibrium, molecules and atoms at the surface of liquids 
will experience a net positive inward attraction, normal to the surface and resultant lateral 
tension along the surface, referred to as “surface tension”. Hence, liquid water tends to 
contract into a sphere when free from other phases and gravitational forces. The 
phenomenon of insects walking on water is often used as an example of surface tension at 
work.  
When one contacting phase is vacuum or gas, it is common to refer to “surface 
energy” or “surface tension”. Equilibrium can also be restored by interaction with atoms 
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or molecules from another condensed phase. When two condensed phases are involved 
the terms “interfacial energy” or “interfacial tension” are used. The two terms are 
interchangeable for liquids, are dimensionally equivalent, and numerically equal. In 
solids, however, the application of the surface tension concept becomes less clear and 
surface “energy” and surface “tension” are not necessarily equal. Solid surface 
characteristics such as reduced mobility of atoms and molecules, and varying surface 
morphology give rise to a heterogeneous “solid surface tension” condition. It is therefore 
more accurate to use the term surface energy, rather than surface tension for solid 
surfaces (Myers, 1999).  
There are two indirect methods commonly used to assess the surface energy of 
solids, viz, vapor adsorption measurements using probe vapors and wetting (contact 
angle) measurements using probe liquids (Sun and Berg, 2002). Contact angle 
measurement is limited in its application on low energy smooth surfaces where finite 
contact angles are formed using appropriate probe liquids. High energy surfaces such as 
minerals are wet by most liquids and thus the petroleum industry traditionally uses the 
„two- liquid‟ approach to obtain finite contact angles for the solid- liquid interface rather 
than the solid surface itself. However vapor adsorption measurements using Inverse Gas 
Chromatography (IGC) at infinite dilution involves studying the individual interaction of 
the probe molecules with the surface sites. This approach enables an accurate picture of 
the surface at different temperatures and other physical conditions by taking into account 
surface heterogeneity and the interaction forces responsible for the adsorption.  
 4 
 The focus of our study is to investigate the surface energetics of carbonate and 
sandstone rocks subjected to varying water coverage at diffe rent temperatures and 
understand the interactions forces that play a crucial role at rock-water interface before 
the oil migration. This would form the basis for further analysis of intermediate and oil-
wet rock conditions. 
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Chapter 2:  Background 
2.1. FUNDAMENTAL FORCES OF ADHES ION 
Many practical applications of adhesion are based on simply controlling forces between 
surfaces. Thus the objective of this section is to review a conceptual description of 
fundamental forces of adhesion. The material presented here is obtained from the 
classical texts on surface science (Myers, 1999; Adamson and Gast, 1997; Erbil, 2006). 
2.1.1. Coulombic or Electrostatic interactions 
The coulomb force constitutes the electrostatic interactions between two separated 
charges or ions. These interactions are responsible for cohesion within some condensed 
phases such as ionic solids/solutions. Though these interactions are normally associated 
with inter-atomic forces in molecules, they also act as a physical force between 
molecules. They are by far the strongest of the physical forces, equaling or exceeding that 
of covalent bonds. However, the coulomb forces act over a long range up to 70 nm while 
the chemical covalent bonds function over extremely short ranges (0.1-0.2 nm). 
 When two point charges q1 and q2 are separated by a distance r, the interaction 
potential energy, V is given by 
 1 2
4 o
q q
V r
r
 (2.1) 
where  is the permittivity of a vacuum = 8.854 × 10-12 C2J-1m-1.  
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When these interactions take place in a medium other than a vacuum, the molecules of 
the medium will be oriented and polarized by the electric field created by the two charged 
particles. Thus the interaction potential energy is given by 
 1 2
4 o r
q
r
r
q
V  (2.2) 
 is the relative permittivity or the dielectric constant of the medium. Thus water by 
virtue of a high dielectric constant (78.4) is able to solubilize ionic solids by reducing the 
electrostatic forces between the anions and cations by 78.4 times. Upon differentiating 
the interaction potential energy with respect to distance, r, we obtain the coulomb force 
between two point charges 
 1 2
24 o r
q q
F r
r
 (2.3) 
Thus the magnitude of coulombic interactions decays as the inverse square of the 
distance between the two isolated charges. However in reality, positive ions are always 
found near negative ions and vice versa. Thus due to the screening effect exerted by the 
neighboring ions, the electric field decays even more rapidly. Consequently the coulomb 
forces are relatively short range than those predicted from the equations.  
2.1.2. van der Waals interactions  
 In 1873, van der Waals first introduced the concept of intermolecular forces to explain 
the non- ideal behavior of a gas. He proposed the following equation of state for real 
gases. 
 
2
2
an
P V nb nRT
V
 (2.4) 
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where P is the pressure (Pa), V is the molar volume (m3), R is the gas constant (R = 8.314 
J/mol.K), T is the absolute temperature (K), a is the attraction constant for molecules 
(Pa.m6.mol-2), b is the actual volume of the molecules (m3 /mol) and n is the number of 
moles.  
The term (nb) was subtracted from the total gas volume to account for the finite 
size of the molecules. The term (an2/V2) was added to pressure because of the attractive 
intermolecular forces which restrict the gas molecules from hitting the walls of the 
container with their full translational momentum. These intermolecular forces comprise 
of three types of interactions - dipole-dipole interactions (Keesom orientation forces), 
dipole- induced dipole interactions (Debye induction forces), and induced dipole- induced 
dipole interactions (London dispersion forces). These forces are collectively known as 
van der Waals forces. Keesom and Debye interactions are generally found in molecules 
having a permanent dipole moment, while the London interactions are more universal 
and thus quite significant. All three interactions decay inverse sixth power of the distance 
between the gas molecules.  However, the additivity of these interactions renders them 
considerably more long range. Each of the contributing interactions is described in the 
following paragraphs. 
2.1.2.1. Dipole-dipole interactions (Keesom orientation force) 
Electro-negativity is a measure of the ability of an atom to attract electrons.  A molecular 
dipole is formed when an atom of high electro-negativity on one end of the molecule 
draws electrons towards itself leading to an unsymmetrical distribution of electron 
density. This causes the appearance of two equal and opposite charges (+q and –q) on 
 8 
both ends of the molecule. The product of the magnitude of the charge (q) and the 
distance (l) separating them is termed as the dipole moment (μ). 
 ql  (2.5) 
  When two polar molecules with dipole moments μ1 and μ2, interact with each 
other, the oppositely charged ends of the dipoles attract while the other ends repel. This 
interaction coupled with thermal energy of the system causes the movement and rotation 
of the dipoles. These dipole-dipole interactions are termed keesom orientation forces. The 
angle averaged keesom interaction energy is given by 
 2 1 2
3
2
1
62
      for   
4 4)(
)
3 o r o r
V kr T
rkTr
 (2.6) 
As the temperature increases, the orientations become increasingly random, lowering the 
interaction between the dipoles. Thus keesom orientation forces are susceptible to 
changes in temperature. In addition, as with all other interactions, they decay inverse 
sixth power of the distance between the gas molecules.    
2.1.2.2. Dipole-Induced dipole interactions (Debye Induction force) 
When a non-polar molecule is exposed to an electric field or a molecular dipole, the 
electrons and nuclei are displaced in opposite directions. This unsymmetrical distribution 
of electron density causes the appearance of a dipole moment in an otherwise 
symmetrical non-polar molecule. This phenomenon is called polarization and the ability 
of a molecule to induce a dipole in an adjacent molecule is described by the molecular 
polarizability, α. Since larger electron clouds can be displaced over longer distances, the 
molecular polarizability, α is proportional to the molecular volume. 
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 The interactions between a permanent dipole and an induced dipole are termed 
debye induction forces. When two different dipoles (of which one is an induced dipole) 
with dipole moments μ1 and μ2 and polarizabilities α1 and α2 interact with each other, the 
angle averaged debye interaction energy is given by 
 
2 2
6
1 2 2 1
2
     
( )4 o r
V
r
r  (2.7) 
2.1.2.3. Induced dipole-Induced dipole interactions (London’s Dispersion force) 
In 1930, London proposed a new type of force using quantum and wave mechanics, to 
explain the attraction between non-polar molecules, having zero dipole moment. London 
stated that the time averaged electron distribution of a non-polar molecule is symmetrical. 
However, the electrons are circulating around the nucleus at an extremely high freq uency. 
At any instant in time, the electron cloud could be distorted away from the nucleus 
triggering a temporary dipole moment. This instantaneous dipole, whose direction 
constantly keeps changing, sets about an electric field capable of inducing dipoles in the 
neighboring molecules. The net result is an attractive force between the fluctuating 
induced dipoles termed as London‟s dispersion force.  
 Due to their universal occurrence, London‟s dispersion forces have a dominant 
contribution to the van der Waals forces. Thus they play a significant role in a wide 
variety of surface phenomena. They are typically long range forces, which can either be 
attractive or repulsive depending on the conditions. They decay inverse sixth power of 
the distance between the mo lecules. The London‟s dispersion interaction energy between 
two spherically symmetrical molecules in given by 
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2
2 6
3
   
4 )
  
(4 o
V
h
r
r
 (2.8) 
 
where h is the Planck‟s constant and υ is the frequency of oscillation for the electrons. 
The magnitude of frequency, υ can be experimentally determined via polarizability 
measuring refractive index and also relative permittivity of the substance. In fact the 
origin of the name dispersion force comes from the dispersion of the refractive index due 
to the frequency difference. 
2.1.3. Polar interactions or Acid-base interactions 
In the previous sections, we have discussed the source of interactions between atoms and 
molecules. The van der Waals forces were characterized to be universal and almost 
always attractive over long ranges. However, in many non-metallic condensed materials, 
liquid or solid, in addition to the apolar van der Waals interactions, polar interactions of 
the hydrogen-bonding type occur. In order to embrace all possible interactions, electron 
acceptor – electron donor interactions or Lewis acid-base (AB) interactions (which 
include the special case of hydrogen bonding) is considered here (van Oss et al., 1988). 
These polar interactions often represent energies that maybe up to two orders of 
magnitude higher than the apolar interactions. The significance of these interactions in 
the surface phenomena came into prominence from the simultaneous works of Fowkes 
and his coworkers (Fowkes and Mostafa, 1978).  
One of the molecules, the donor, must have at least one unshared or lone pair of 
electrons. The other molecule, or acceptor, must be electron deficient and will interact 
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with the lone pair from the donor. According to the Lewis theory, an acid is an electron 
pair acceptor, and a base is an electron pair donor. Bonds formed in this way are called 
coordination bonds.  Thus the acid-base interactions have a directional nature and can 
only be satisfactorily treated by taking into account the asymmetry involved (van Oss et 
al., 1988). Unlike ionic and covalent bonds that are formed between two atoms, a 
coordinate bond is formed between two molecules or between two ions. However, they 
are similar to a covalent bond with partial ionic character and thus the coordination 
compounds represent a whole range of characteristics that lie between covalent and ionic 
compounds. 
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2.2. THEORIES OF SURFACE ENERGY 
This section will discuss the theory and practice of surface energetics available in the 
literature. The material presented here has been obtained from classical texts on surface 
sciences (Somasundaran, 2006) and a short overview by Prof. Finn Knut Hansen.  
2.2.1. Surface tension and surface energy 
For the definition of these parameters, let us consider that the surface is being stretched 
by a force, F as shown in Fig 2.1. Surface tension is the contractile force that exists at the 
interface between the liquid and its vapor. The force is caused because of the unequal 
molecular attractions at the interface. The force per unit length tending to contract the 
surface of a liquid is a measure of the surface tension of the liquid. It is a property of the 
liquid.  
 
Fig 2.1: Force applied to stretch a film. 
Thus, the force F involved in stretching the film is given by: 
 F L  (2.9) 
where γ is the surface tension of the liquid. 
Meanwhile, the work dW involved in increasing the surface by a length dx is:  
 dW dG Ldx dA  (2.10) 
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Thus at constant temperature and pressure, 
 /dG dA  (2.11) 
From the above equation, it becomes apparent that the surface tension can also be viewed 
as the surface free energy per unit area. Thus surface tension and surface energy are 
interchangeable definitions with the same units. Customary units then may either be ergs 
per square centimeter (ergs/cm2) or dynes per centimeter (dyn/cm), which are identical 
dimensionally. The corresponding SI units are Joules per square meter (J/m2) or Newton 
per meter (N/m). 
2.2.2. Work of adhesion and work of cohesion 
A lot of intermolecular forces come into play when two surfaces are brought together. 
The work of adhesion, Wa is a reversible thermodynamic function and represents the 
minimum amount of work that needs to be done when two different surfaces are 
separated from each other as shown in Fig 2.2.  
Thus, it is defined by the following equation 
 
12 1 2 12           aW W  (2.12) 
where γ1 and γ2 represent surface tension associated with the two different surfaces while 
γ12 represents the interfacial tension. Eq. 2.12 implies, 
 12 1 2   aW  (2.13) 
Similarly, when a homogeneous material is separated into two unit surfaces, the 
reversible work done to overcome the cohesive forces is termed the work of cohesion, 
Wc.  
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Fig 2.2:  Illustration for computing the work of adhesion and work of cohesion. 
Thus, it is defined by the following equation: 
 
11 1 1 1      0  2 cW W  (2.14) 
Combining expressions 2.13 and 2.14, we get 
 
12 1 2  0.5 (  )   c c aW W W  (2.15) 
2.2.3. Young’s equation and contact angles 
The surface energy of a material can be described in several ways. However the earliest 
and most popular method has been contact angle measurements. In this method, the 
wetting phenomena are related to a simple observation of the behavior of a drop of liquid 
on a flat surface of a solid. As first described by Thomas Young in 1805 in the 
Philosophical Transactions of the Royal Society of London, it is the interaction between 
the forces of cohesion and the forces of adhesion which determines the wetting behavior 
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of a liquid on a surface. In case of complete wetting, the liquid spreads flat out on the 
surface. If complete wetting does not occur, then a bead of liquid will form, with a 
contact angle, which is a function of the surface energies of the system. Thus the 
spreading coefficient, S can be defined as 
 
a cS W W  (2.16) 
Combining expressions 2.12 and 2.14, we get 
 
1 2 12         S  (2.17) 
Based on his hypothesis, Young proposed an equation to obtain surface tension from the 
contact angle formed when a drop of liquid is placed on a perfectly smooth solid surface. 
Fig 2.3 depicts a classical example of a contact angle experiment showing in detail the 
three phase boundaries, contact angle θ and the interfacial tensions due to the fluids.  
 
Fig 2.3: Example of water forming a contact angle on a hydrophilic and hydrophobic 
surface. 
Thus, the Young‟s equation can be obtained by performing a force balance across the 
three phase boundary as follows: 
 2 12 1 cos  (2.18) 
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If the contact angle formed by the liquid on the solid surface is less than 90º (left side of 
Fig 2.3), it is evident that liquid will tend to spread over the solid due to favorable 
interaction between interfacial forces. If water is the liquid under consideration, the solid 
surface would be termed a hydrophilic (water- loving) surface. On the other hand, if the 
contact angle formed by the liquid is greater than 90º (right side of Fig 2.3), it indicates 
that the liquid is reluctant to spread over this surface. Similarly if water is the liquid 
under consideration, the solid surface would be termed a hydrophobic (water-hating) 
surface. 
Expressed by the work of adhesion, we can write: 
 
1 2 12 1 1 1cos (1 cos )aW  (2.19) 
This is known as the Young - Dupré Equation. It is invariably the starting point 
for any method to obtain the surface energies by relating contact angles with the work of 
adhesion. 
2.2.4. Zisman plot 
In the late 1950‟s, Zisman and his coworkers at the Naval Research Laboratory began the 
first systematic study of the wetting phenomena using contact angles measurement  
(Zisman et al., 1964). They accumulated an extensive database of contact angle 
measurements for different fluids on various low energy solids. The basic thesis of 
Zisman‟s work was that the contact angles of a liquid on a solid, reflects in some way the 
chemical constitution of the solid surface (Bascom, 1986). He concluded so considering 
the short range of forces acting at the surface of the non-polar solid which are of the order 
of a few nanometers. 
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 Zisman et al. (1964) observed an empirical linear correlation between  and 
γ1 of the wetting liquids for a given solid organic surface as shown in Fig 2.4. If we 
measure the contact angle of many liquids on the same surface, and plot  against γ1, 
we get a curve that can be extrapolated to  =1. The extrapolated value is then called 
the critical surface tension of the solid surface, γc. The significance of this parameter is 
that liquids with surface tension greater than γc will not spread on the subject solid and 
the liquids with surface tensions less than γc will spread spontaneously (Bascom, 1986).  
 
Fig 2.4: Typical Zisman plot for miscellaneous liquids and n-alkanes on polyethylene. 
Reproduced from Bascom, 1986. 
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There are however several limitations to this method. The line is not really straight, 
which may lead to a band of γc for different series of wetting liquids on the same solid 
surface.  Moreover, it is applicable only in case of low energy surfaces, prominently 
polymers. 
2.2.5. The Interaction parameter,  and the work of adhesion 
Based on Berthelot‟s hypothesis, Good and Girifalco (1957) proposed an equation 
expressing the work of adhesion by the geometric mean of the surface tensions.  
 1/2
1 22 ( )aW  (2.20) 
 where φ is the Interaction parameter, 0.5 < φ  < 1.15. It is a function of the molar 
volumes of phases 1 and 2 (Good and Elbing, 1970): 
 1 2 12
2 1/2
1 2 11 22
4
( ) ( )
r r A
r r A A
 (2.21) 
where r1, r2  are respective molecular radii while A represents the sum of London 
constants for all types of intermolecular interactions within and between the two phases. 
Combining expressions 2.13 and 2.20, we get 
 1/212 1 2 1 2  2 ( )   (2.22) 
Similarly, combining expression 2.19 (Young - Dupré Equation) and 2.20, we get the 
surface energy of the solid phase: 
 
1/2
1 2 12 ( )  (1 cos )    aW  (2.23) 
This implies: 
 
2
2 1 2
(1 cos )
4
 (2.24) 
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 φ has been calculated theoretically, but the results have often been misleading. It is 
possible to calculate empirical values for  by using values of  measured by 
liquid/liquid interactions in systems of similar polarity. 
2.2.6. Fowkes theory 
The potential importance of a successful theory of surface tension components was 
pioneered by Fowkes. Fowkes theory is based on two fundamental assumptions: 
Additivity and the geometric mean.  Fowkes proposed the separation of surface energies 
into potential energies of interaction (Pocius, 1997). Thus surface energy of a material 
was divided into various components on the basis of the additive forces of interaction.  
    ...d p i ab  (2.25) 
Where γd represents surface energy contribution due to dispersion (London‟s) forces, γp 
represents surface energy contribution due to orientation (Keesom) forces, γi represents 
surface energy contribution due to inductive (Debye) forces and γab represents surface 
energy contribution due to acid-base interactions. 
 Building up on the work of Good and Giriflaco (1957), the geometric mean of the 
surface tension components was used to compute the work of adhesion for each type of 
force (energy): 
 1/212 1 22 ( )
d d dW  (2.26) 
 
1/2
12 1 22 ( )
p p pW  (2.27) 
 
1/2
12 1 22 ( )
i i iW  (2.28) 
and so on. 
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The total work of adhesion in combination with expression 2.19 (Young - Dupré 
Equation) yields: 
 
1 22 12 11 (1 cos )  ..
d pW W W  (2.29) 
 
Combining expressions 2.13 with 2.29, we get 
 1/2 1/2
12 1 2 1 2 1 22( ) 2( ) ..
d d p p  (2.30) 
Fowkes also made a fundamental hypothesis that materials which have dispersion forces 
interact with other surfaces only by those forces. Thus by selecting a non-polar liquid 
which exclusively interacts with the dispersion interaction, the dispersive component of 
the surface energy of a solid can be obtained.  
 
1
2
12 1 1 2 1 1(1 cos ) 2         
d dW  (2.31) 
This implies: 
 
2
2 1
(1 cos )
4
d
 (2.32) 
2.2.7. Theory of fractional polarity 
The success of Fowkes theory prompted the development of the theory of fractional 
polarity, which suggests that a liquid/solid has both dispersion and polar character. Thus 
the total work of adhesion is given by the combination of additivity and geometric mean 
of dispersive and polar components of surface energy (*Owens and Wendt, 1969). 
 
1 1
2 2
12 1 2 1 22 2
d d p pW  (2.33) 
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where γp refers to the total surface energy contribution due to keesom, debye and acid-
base interactions. 
 Thus by doing contact angles measurement for two liquids, A and B on a solid 
surface, one can measure the dispersive and polar components of the surface energy of 
the solid. 
 
1 1
2 2
12 1 1 2 1 2(1 cos ) 2 2
d d p p
A A A A AW  (2.34) 
 
1 1
2 2
12 1 1 2 1 2(1 cos ) 2 2
d d p p
B B B B BW  (2.35) 
Upon linearizing the two equations, we get: 
 
1/2 1/2
1/2 1/21 1
2 2
1 1
( ) ( ) 1 cos
( ) ( )
2
d p
d pA A A
A A
 (2.36) 
 
1/2 1/2
1/2 1/21 1
2 2
1 1
( ) ( ) 1 cos
( ) ( )
2
d p
d pB B B
B B
 (2.37) 
Solving Eqns 2.36 and 2.37, we get γ2
d and γ2
p   
Usually, one polar (water) and one apolar (methylene iodide) liquid are used. Thus it is 
also called two liquid method. 
2.2.8. van Oss theory 
The theory of fractional polarity fails to adequately account the non –additivity of the 
acid-base interactions. Thus van Oss and coworkers (1988) proposed a new combination 
of surface energies. Since the polar (Keesom and Debye) forces are weak and additive, 
they included them with the dispersive component. The combined contribution is called 
as Lifshitz-van der Waals component of surface energy, γLW. The contribution to surface 
energy due to acid-base interactions is denoted by γAB. Thus we can write: 
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 LW AB  (2.38) 
In line with the Fowkes theory, the work of adhesion due to Lifshitz-van der Waals 
interactions is given by: 
 
1
2
12 1 2 2
LW LW LWW  (2.39) 
As mentioned earlier, the acid-base interactions are non-additive. The basic components 
of the surface only interact with the acid components of the liquid, and vice versa. 
Therefore, Van Oss and coworkers (1988) introduced the following equation to compute 
the work of adhesion due to acid-base interactions: 
 
1 1
2 2
12 1 2 1 2 2 2
ABW  (2.40) 
where  is the acidic part and  the basic part. Some substances that have only acidic 
or only basic properties are classified as monopolar, while substances with both types of 
properties are bipolar.  
By measuring the contact angle of three different liquids, A, B, and C, with 
known LW, acidic and basic components, the corresponding surface energies of the solid 
can be calculated. 
 
1 1 1
2 2 2
12 1 1 2 1 2 1 21 cos 2 2 2
LW LW
A A A A A AW  (2.41) 
 
1 1 1
2 2 2
12 1 1 2 1 2 1 21 cos 2 2 2
LW LW
B B B B B BW  (2.42) 
 
1 1 1
2 2 2
12 1 1 2 1 2 1 21 cos 2 2 2
LW LW
C C C C C CW  (2.43) 
These equations can be solved using the technique of matrix inversion and multiplication.  
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2.2.9. Schultz theory 
In case of solids with sufficiently high surface energy, most liquids we t the surface 
completely with a zero degree contact angle, and thus no useful data can be gathered. 
Thus Schultz and coworkers (1977) developed a new method whereby the contact angles 
can be measured by submerging the surface in one liquid and using the second liquid to 
measure the contact angles. Usually hydrocarbons like n-hexane, n-octane and n-decane 
are used as the submerging liquids and water is used as the contact angle liquid. (Hansen)  
In line with Eqn. 2.30, we can write the force balance for the hydrocarbon phase 
(2) and the solid surface (1) as follows: 
 1/212 1 2 1 22( )
d  (2.44) 
Similarly, we can write the force balance for the water phase (3) and the solid 
surface (1) as follows: 
 1/213 1 1 33 2( )
d d
SWE  (2.45) 
The parameter ESW, represents the excess interaction energy due to the polar interactions. 
Subtracting Eqn. 2.45 from Eqn. 2.44, we get: 
 1/2 1/2 1/2
12 13 32 1 3 22( ) ( ) ( ) SW
d d E  (2.46) 
Using Young‟s equation, we obtain: 
 1/2 1/2 1/2
12 13 32 2 1 33 22( )cos ( ) ( )
d d
SWE  (2.47) 
This implies: 
 1/2 1/2 1/2
32 1 3 23 2 2( ) (cos ) ( ) SW
d d E  (2.48) 
Thus by plotting the L.H.S of Eqn. 2.48 against 1/2 1/2
3 2( ) ( )
d , we get a straight line 
with slope 
1/2
12( )
d
 and intercept ESW. From Fowkes theory, ESW can be expressed as: 
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3
1/2
12( )
p
SW
pE  (2.49) 
Knowing the polar component of the surface tension of water, γ3
p and ESW, one can easily 
calculate the polar component of the surface energy of the solid, γ1
p. 
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2.3. INVERS E GAS CHROMATOGRAPHY 
In the previous section, we have discussed the traditional approach to studying the 
surface phenomena by way of contact angles measurement. However these methods are 
limited in their ability to characterize irregular heterogeneous solid surfaces. Moreover, 
only a limited number of probe molecules can be used to characterize high energy 
surfaces. Thus, these techniques are increasingly being ec lipsed by Inverse Gas 
Chromatography (IGC), which provides a fast, accurate and reliable characterization of 
the surface properties. Thus the objective of this section is to provide an introduction to 
the theory and technique of Inverse Gas Chromatography (IGC). 
2.3.1. Principle 
Conventional gas chromatography is a useful technique for the separation of a gas 
mixture into its constituents for their qualitative or quantitative analyses.  The separation 
of the gas mixture is on account of the differential interaction of the constituents with the 
stationary phase and hence different retention times. In contrast, inverse gas 
chromatography considers the unknown stationary phase to be the subject of interest, 
while different probe solvents with known characteristics move through the column. A 
pulse of probe molecules is carried by a carrier gas, at infinite dilution, so as to rule out 
lateral probe-probe interactions and favor probe-stationary phase interactions only. The 
probe undergoes reversible adsorption - desorption cycles over the chromatographic 
column. The retention time tR, a measured parameter is related to the net retention 
volume VN as (Skoog and Leary, 1992): 
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 / . . .
273.15
N R M
T
V j m F t t  (2.50) 
where, F is the carrier gas flow rate, T is the column temperature, m is the mass of the 
stationary phase and j is the James Martin compressibility factor used to correct any 
pressure drop in the column. tM is termed the dead time and accounts for the column 
characteristics. 
The free energy of adsorption - ΔG is related to the retention volume VN as follows under 
ideal conditions (when sufficiently diluted) 
 ln NG RT V  (2.51) 
In line with the van Oss theory discussed in Section 2.2.8, the free energy of adsorption 
due to both Lifshitz-van der Waals and acid-base interactions is given by: 
 LW ABG G G  (2.52) 
Similarly, in line with the Fowkes theory of geometric means discussed in Section 2.2.6, 
the Lifshitz-van der Waals component of the free energy is given as: 
 
1/2 1/2
2LW LW LWA L SG aN  (2.53) 
where a is the cross sectional area of the solute and NA the Avogadro number 
Thus, the free energy of adsorption of different non polar probes or normal alkanes varies 
linearly with their molecular descriptors i.e. no. of carbons or molecular weight (Dorris 
and Gray, 1980). However, the free energy of a polar probe with the same molecular 
descriptor value as an alkane should be located above the alkane reference line since they 
contain both the Lifshitz-van der Waals and acid-base component as shown in Fig 2.5.  
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Fig 2.5:  Surface energy plot used for determining the dispersive and specific components 
for ∆G. 
Thus the Lifshitz-van der Waals component of surface energy can be obtained by the 
noting the slope of the alkane line plotted in Fig 2.5. 
 
2         
2
LW
S
A
slope
N
 (2.54) 
Most IGC work in literature on specific component is based on Gutmann theory. 
Although the Gutmann concept gives a useful reflection of the acid base chemistry of the 
investigated surface, its numbers are dimensionless and it is not possible to calculate the 
specific contribution of the surface energy based on these values. An attractive alternative 
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would be the Van Oss concept, which provides acid and base numbers as well as specific 
surface energy in the same units as the dispersive surface energy as discussed in Section 
2.2.8. For the calculation of specific free energy as was discussed previously, the 
difference in the free energy determined from the polar interactions and the 
corresponding position on alkane line defines the free energy of acid-base interaction. 
 ln
p
AB N
n
N
t
G RT
t
 (2.55) 
where is the retention time for polar molecule under consideration while  is the 
retention time for n-alkane having the same molecular descriptor.  
Thus from the Van Oss approach, the acid base contribution to free energy can be 
expressed in terms of known surface energy components of the polar probe compound 
and that of the surface under consideration. 
 1/2 1/22 ( ) ( )AB A L S L SG aN  (2.56) 
Choosing mono-polar probe molecules with either or as zero, the surface 
energy components for the surface can be computed. Thus knowing the three 
components, the total surface energy of the rock can be computed as follows: 
 2
Tot LW
S S S S  (2.57) 
 
2.3.2. Experimental setup 
The experimental setup consisted of an inverse gas chromatograph built by Surface 
Measurement Systems Ltd. It is mainly comprised of a mass flow control box, solvent 
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oven, injection loop, solvent detectors and column oven. Fig 2.6 depicts the IGC used for 
our experiments. 
Mass flow control box
Solvent oven
Column
oven
 
Fig 2.6:  Inverse Gas Chromatograph and its components.  
The mass flow control box contains a series of mass flow controllers, which are used to 
prepare mixtures of helium carrier gas and the elutant vapor. The elutant (both n-alkane 
and polar probes) bottles are housed in a solvent oven at a constant temperature as shown 
in Fig 2.7. The helium carrier gas entrains the elutant vapor through the solvent bottles 
and is channeled into an injection loop.                      
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Fig 2.7:  Solvent oven and the elutant bottles 
 
An automated injection valve is then used to inject 250 μL of the elution mixture from the 
injection loop into the carrier gas flowing through the column into the detectors. Thermal 
Conductivity Detector (TCD) and Flame Ionization Detector (FID) are coupled together 
at the end of the column for the sensitive analysis of the probe molecules. The 
chromatographic column is maintained at constant temperature in a separate column oven 
as shown in Fig 2.8. The column oven can house two columns simultaneously. The 
silanized (passivated) glass columns used are 30 cm long and are of the dimensions 6 mm 
(o.d) x 4 mm (i.d) or 6 mm (o.d) x 2 mm (i.d).  The powdered samples are packed in the 
columns and are held in place by silanized glass wool as shown in Fig 2.9. 
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Fig 2.8:  Column oven and packed columns. 
Silanized glass wool
Rock sample 
 
Fig 2.9:  Column packing. 
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Chapter 3:  Carbonate Rocks 
Reservoir rock is a high-energy surface with well developed pores and large 
surface/volume ratio. It can strongly adsorb polar molecules such as surfactants and 
polymers resulting in the change of wettability. The wettability of the rock could also be 
changed due to the interactions with surface active agents present in both the aqueous and 
oil phase. Thus an investigation of the adsorption characteristics of the reservoir-fluid 
interface is of considerable interest. The focus of our study is to investigate the surface 
energetics of carbonate rocks subjected to varying water coverage at different 
temperatures and understand the interactions forces that play a crucial role at rock-water 
interface before the oil migration. This would form the basis for further analysis of 
intermediate and oil-wet rock conditions.  
Carbonate rocks comprise about 20% of sedimentary rocks.  Of the rock forming 
carbonates, calcite and dolomite are the most abundant; accounting for more than 90% of 
natural carbonates (Pokrovsky and Mielczarski, 2002). Calcite and dolomite commonly 
occur as a main constituent in chalk reservoirs available for groundwater and 
hydrocarbon resources. Due to its low cost and non-toxic properties, calcite has also 
become an important raw material for industrial purposes (e.g., filler, cement, paper 
pigment). Sorption processes at the calcite/water interface must be understood in order to 
describe hydrocarbon migration and recovery, movement of contaminants into the 
ground-water, dispersing of calcite slurries etc. (Madsen, 2002).  
The previous studies have mostly focused on the characterization of calcite 
surfaces by way of wetting techniques (Okayama et al., 1997), atomic force microscopy 
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(Liang et al., 1996), molecular dynamics simulations (Titiloye et al., 1998) and Inverse 
Gas Chromatography (Keller and Luner, 2000; Schmitt et al., 1988). Morimoto et al. 
(1980) plotted the adsorption isotherms for calcite at different temperatures. Recently 
there has been a considerable progress in the understanding of the structure of the 
carbonate rock-water interface and the effect of surface-water interactions on the surface 
energy by way of molecular dynamics (MD) simulations (Freeman et al., 2009; Rahaman 
et al., 2008; Wright et al., 2001; de Leeuw and Parker, 1997; de Leeuw and Parker, 2001; 
Kerisit et al., 2003). However in our knowledge, there is no experimental study 
characterizing the effect of adsorption of water on the surface free energy of carbonate 
rock (calcite and dolomite) surfaces at different temperatures.  
3.1 MATERIALS AND APPARATUS 
The calcite sample under investigation originated from Chihuahua, Mexico while the 
dolomite sample originated from Selasvann, Norway. Both “research grade samples” 
were obtained from Ward‟s Natural Science Establishment, Inc. The mineral samples 
were ground using mortar and pestle and were subsequently sieved to obtain 100 mesh 
sieve fraction.  
The series of alkanes used for investigating the dispersive surface energy were 
obtained from Acros Organics and were of the HPLC grade. Similarly the solvents used 
for examination of the specific surface energy, such as dichloromethane and ethyl acetate 
were also obtained from Acros Organics and were of the HPLC grade. Owing to very 
strong non polar interactions with dolomite, causing difficulties in their elution, decane 
and undecane were replaced with lighter probe solvents such as pentane and hexane.  
 34 
The experiments were performed using the inverse gas chromatograph built by 
Surface Measurement Systems Ltd. A series of mass flow controllers was used to prepare 
mixtures of helium carrier gas and the elutant vapor. An automated injection valve was 
used to inject 250 μL of the elution mixture into the carrier gas flowing through the 
column into the detectors. Thermal conductivity detector (TCD) and flame ionization 
detector (FID) were coupled together at the end of the column for the sensitive analysis 
of the probe molecules. The chromatographic column is maintained at constant 
temperature in a separate column oven. The silanized glass columns used were 30 cm 
long and were of the dimensions 6mm (o.d) x 4mm (i.d). Silanized glass wool was used 
to hold the powdered samples in place.  
3.2 EXPERIMENTAL PROCEDURE  
The sieved sample was collected in a beaker and was soaked and washed subsequently 
with both water and ethanol. It was dried in the oven for about half an hour. To further 
check for any moisture contamination before we actually study the surface, the cleaned 
sample was packed in a column and flushed with nitrogen gas at 205 oC for over 12 
hours. The column was further conditioned with helium gas at the desired temperature 
and relative humidity for two hours each and then chromatographic injection carried out.  
First moment method was employed to deduce the retention times from the 
elution curves generated by the detectors. First moment method calculates the retention 
time by considering the area under the elution curve and thereby giving a better reflection 
of the heterogeneity on the surface. The first moment retention time, tR is defined as 
below: 
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where c(t) represents the elution curve profile.  
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3.3 RESULTS AND DISCUSSION 
3.3.1 Characterization of minerals for surface energy measurement.  
3.3.1.1 X-ray diffraction. 
X-ray diffraction is a non-destructive analytical technique used to reveal information 
about the crystallographic arrangement, chemical composition and physical properties of 
the materials. These techniques are based on observing the scattered intensity of an X-ray 
beam hitting a sample as a function of incident and scattered angle, polarization, and 
wavelength or energy.  
Crystals are regular arrays of atoms and X-rays are waves of electromagnetic 
radiation. Atoms scatter the impinged X-ray waves, primarily through the electrons. Thus 
an X-ray striking an electron produces secondary spherical waves emanating from the 
electron. This phenomenon is known as elastic scattering, and the electron (or lighthouse) 
is known as the scatterer.  
 
 
Fig 3.1: X-ray diffraction and planar arrangement 
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A regular array of scatterers produces a regular array of spherical waves. Although these 
waves cancel one another out in most directions through destructive interference, they 
add constructively in a few specific directions, determined by Bragg‟s law. 
 2  dsin n  (3.2) 
where d is the spacing between diffracting planes, θ is the incident angle, n is any integer, 
and λ is the wavelength of the beam. These specific directions appear as spots on 
the diffraction pattern called reflections. 
The structure of a crystal is essentially a 3-dimensional periodic repetition of a 
basic structural unit called unit cell. The various groups of crystal planes can be identified 
in terms of a particular unit cell by means of (h, k, l) indices. Based on eqn. (1), the angle 
of diffraction 2θ for X-rays diffracted by a set of crystal planes depends on the inter-
planar spacing, d. This implies that if two different crystalline substances happen to have 
unit cells of the same size and shape, all the spots in the X-ray diffraction patterns will 
appear in exactly the same positions. However, the nature and number of atoms and their 
spatial arrangement will be different because the substances are different. Thus the 
diffracted intensities for the corresponding crystal planes would be different. Thus even if 
there is a strong superficial resemblance of the X-ray diffraction patterns, it will still be 
able to distinguish the two materials. In other words, under identical conditions crystals 
of the same substance will always give identical diffraction patterns (both in position and 
intensity), and identity of diffraction patterns is the definitive evidence of the identity of 
the diffracting crystals.  
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X-ray diffraction analysis was carried out on calcite and dolomite to investigate 
their purity at the X-ray diffraction facility housed in the Department of Mechanical 
Engineering, The University of Texas at Austin. The diffraction patterns so generated 
were analyzed using Jade 9 software. The software contains a wide database of 
diffraction patterns of minerals and other materials for mapping and comparison.  By 
default, the Search/Match hits are sorted on their figures of merit (FOMs), which are 
evaluated heuristically on a scale of 0 to 100 for each hit. The smaller the FOM, the 
better the fit, but there is no definite threshold of FOM below which the hit is considered 
positive. That determination can only be made with experience. In general, however a hit 
should be seriously considered if its FOM is less than 10.  
The diffraction patterns and their hits have been illustrated in Figs 3.2 and 3.3 for 
dolomite and calcite respectively. As will be observed there is a considerable difference 
in the FOM‟s for both the samples. The calcite sample has an FOM of 6.2 while the 
dolomite sample has an FOM of 99.9, which indicates that the calcite sample is more 
pure. Moreover in case of calcite, all the major peaks correspond to only that of CaCO3 
and thus indicating very high purities. Also, the Search/Map hit did not show any 
impurities even with high FOMs. Thus it can be concluded that the calcite sample is of 
the highest purity. 
However in case of dolomite, the major peaks are slightly offset when compared 
with the reference dolomite pattern. This could be explained due to some impurities 
found in natural dolomite mineral. The Search/Map hit could not show any 
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impurities/alternatives and the overall pattern conforms to the natural dolomite mineral, 
providing conclusive evidence of a relatively pure dolomite sample.  
 
 
Fig 3.2: X-ray diffraction study on dolomite. 
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Fig 3.3: X-ray diffraction study on calcite. 
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3.3.1.2 Water adsorption isotherms. 
Gravimetric vapor sorption experiments have been carried out using the DVS Advantage-
1 instrument (Surface Measurement Systems, London, UK). This instrument measures 
the uptake and loss of vapor gravimetrically using a recording ultra-microbalance with a 
mass resolution of ±0.1 μg. The water vapor partial pressure (±1.0%) around the sample 
is controlled by mixing saturated and dry carrier gas streams using electronic mass flow 
controllers. The desired temperature is maintained at ±0.1 oC. 
 The samples (~600-800 mg) were placed into the DVS instrument at the desired 
temperature where they were initially dried at 150 °C using an in-situ preheater.  The 
samples were further dried at the measurement temperature using a 200-standard cubic 
centimeters (sccm) stream of dry air (<0.1% relative humidity) for several hours to 
establish a dry mass. The samples were then exposed to a step change in relative 
humidity (RH) and maintained at these conditions while monitoring the sample mass. 
The mass slope was continuously measured to determine when gravimetric equilibrium 
was reached before proceeding to the next programmed humidity level.  Complete 
sorption and desorption isotherms were collected for calcite and dolomite sample at 30 oC 
and 50 oC, between 0 and 95% RH in 5% RH increments.  The water adsorption 
isotherms have been plotted from Figs 3.4-3.7. 
 The specific surface area of calcite was measured to be 0.043 m2/g using BET 
adsorption analysis. Similarly, the specific surface area of dolomite was measured to be 
0.1769 m2/g. 
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Since adsorption is a process by which molecules attach to a surface, the extent of 
surface coverage is expressed as a fraction: 
 ( .   ) / ( .   ) / /a m a mno of sitesoccupied no of sitesavailable V V n n  (3.3) 
where Va is the adsorbed volume, Vm is the volume of molecules in one monolayer, na is 
the number of adsorbed moles and nm is the number of moles in one monolayer. 
Accounting for multilayer adsorption, BET isotherm is expressed as follows:  
 
1 1 1
a
m
n cx
n x c x
 (3.4) 
where c is a dimensionless constant greater than one and dependent on temperature, while 
x is the relative pressure, p/p0. Upon rearranging the BET isotherm and doing a linear 
graphical analysis, the monolayer coverage/specific surface area can be calculated: 
 
o mA N n  (3.5) 
where No is Avogadro‟s number and σ is the cross sectional area of the adsorbate. For 
water, σ = 10.6Ǻ2 
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Fig 3.4: Water adsorption isotherm for calcite at 30 oC. 
The water adsorption isotherm (Fig 3.4) for calcite at 30 oC is a type II isotherm, 
indicating multilayer adsorption. The calculated monolayer coverage is achieved at 45% 
RH and beyond 70% RH, the moisture content rapidly shoots up leading to a buildup of 
multilayers. 
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Fig 3.5: Water adsorption isotherm for calcite at 50 oC. 
The water adsorption isotherm (Fig 3.5) for calcite at 50 oC is a type IV isotherm, 
indicating multilayer adsorption and capillary condensation. These isotherms are similar 
to type II isotherms except that at high relative pressures the isotherm appears to reach a 
saturation value. The calculated monolayer coverage is achieved at 40% RH and beyond 
60% RH, the moisture content rapidly shoots up leading to a buildup of multilayers. The 
striking characteristic of capillary condensation is the appearance of hysteresis loop in 
adsorption – desorption isotherms as shown in Fig 3.5.   Hysteresis may be reversible or 
irreversible; it is reversible if on repetition of the experiment, the adsorption isotherm and 
the loop are completely reproduced. However, it is irreversible if the second experiment 
gives a different curve. Capillary condensation becomes important only when the 
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adsorbent has capillaries at least several molecular diameters in width, and only at 
pressures not very far removed from the saturation pressure. Thus we can see beyond 
60% RH, capillary condensation on calcite at 50 oC is quite appreciable. 
 
 
Fig 3.6: Water adsorption isotherm for dolomite at 30 oC. 
The water adsorption isotherm (Fig 3.6) for dolomite at 30 oC is a type II 
isotherm, indicating multilayer adsorption. The calculated monolayer coverage is 
achieved at 35% RH and beyond 70% RH, the moisture content rapidly shoots up leading 
to a buildup of multilayers. Due to the greater specific area offered by do lomite in 
comparison with calcite, the amount of water uptake is correspondingly higher at higher 
R.H. An appreciable hysteresis loop also suggests a certain amount of capillary 
condensation, though it is not as stark in comparison with calcite isotherm at 50 oC. 
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Fig 3.7: Water adsorption isotherm for dolomite at 50 oC. 
The water adsorption isotherm (Fig 3.7) for dolomite at 50 oC is a type IV 
isotherm, indicating multilayer adsorption and capillary condensation. The calculated 
monolayer coverage is achieved at 40% RH and beyond 60% RH, the moisture content 
rapidly shoots up leading to a buildup of multilayers. The hysteresis loop isn‟t very 
appreciable, though we see a certain amount of capillary condensation at high R.H.  
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3.3.1.3 Surface Standardization. 
The surface chemistry of carbonate rocks can be better understood in the light of the 
following reactions that take place on account of physisorption and chemisorption of 
water on the surface. During physisorption, the O atom associated with water donates an 
electron pair to the acidic site Ca2+, while forming a layer of water which covers the Ca2+ 
site completely as shown below which exposes the weaker acidic sites Hδ+ on the 
outward. Similarly the basic site, CO3
2- is attacked by the Hδ+ and the water molecules 
completely cover the CO3
2- site while exposing the weaker basic sites O2δ- on the exterior. 
Thus as the water coverage increases, the stronger polar sites are replaced by the weaker 
sites and thus the surface energy decreases with increasing relative humidity. 
 
Chemisorption is preceded by the decomposition of CaCO3 to CaO and eventually 
reacts with water to form Ca(OH)2 which leads to the exposure of the (OH)
- group on the 
outside and thus making it a basic site and covering the Ca2+ site completely. 
 
Thus at any given time, the surface of a mineral is covered with both physisorbed 
and chemisorbed water as soon as it comes in contact with any moisture. To study the dry 
characteristics of the surface, the surface is conditioned at elevated temperatures to 
remove water adsorbed on the surface. According to Morimoto et al. (1980), calcite 
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surface beyond 200 ºC leads to the evolution of carbon dioxide and thus may lead to 
surface modification while complete moisture removal can only be attained at 600 ºC. 
We observe from Fig 3.8 that at 205 ºC most of the physisorbed water is removed from 
the surface while chemisorbed water is impossible to remove even at very high 
temperatures without adversely affecting the surface chemistry. However, it is to be 
emphasized that chemisorbed water content is an intrinsic property of the surface. Thus 
any attempt to remove it would compromise on the nature of the true surface 
characteristics. Thus we have standardized the conditioning of carbonate mineral surfaces 
by flushing dry nitrogen through the packed glass columns at 205 ºC. 
 
 
Fig 3.8: Surface water content and the amount of evolved CO2 on calcite as a function of 
evacuation temperature. (Morimoto et al., 1980) 
 49 
3.3.2 Measurement of surface energy of minerals.  
As we have discussed in chapter 1, the interaction forces at the rock-fluid interface are 
the critical determinant of reservoir wettability and reservoir flow performance. Thus 
surface energy characterization of the carbonate rocks (calcite and dolomite), would 
enable a quantifiable interaction pattern at different water coverage and at different 
temperatures. 
3.3.2.1 Lifshitz-van der Waals component of surface energy 
 
 
Fig 3.9: Effect of water coverage on Lifshitz-van der Waals component of surface energy 
of calcite at 30, 50 and 100 oC. 
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As the relative humidity of the carrier gas stream increases, we observe increasing 
water coverage on the surface which leads to a reduction in the surface energy on account 
of reduced access to the bare surface for the probe solvent. The mineral surfaces are 
strongly heterogeneous because of different crystal surfaces exposed and lattice defects. 
The adsorbed water layer covers these features and makes the surface smoother and 
nearly homogeneous (Sun and Berg, 2002). The adsorbed water layer stabilizes the  
surface by presenting a low energy surface to the probe molecules (Keller and Luner, 
2000). Thus the wet surface energy defined by simulation studies is represensented as 
under: 
 2
hyd B H O
wet
U U nU
A
 (3.6) 
where Uhyd is the energy of hydrated surface slab, UB is the energy of the bulk, n 
is the number of water molecules on the surface, UH20 is the energy of the water 
molecules and A is the surface area of material under consideration.  
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Fig 3.10: Effect of water coverage on Lifshitz-van der Waals component of surface 
energy of dolomite at 30, 50 and 100 oC. 
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Fig 3.11: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of calcite at 30 oC. 
 
Fig 3.12: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of dolmite at 30 oC. 
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Fig 3.13: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of calcite at 50 oC. 
 
Fig 3.14: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of dolomite at 50 oC. 
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Fig 3.15: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of calcite at 100 oC. 
 
Fig 3.16: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of dolomite at 100 oC 
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Based on experimental evidence and several simulation studies (Rahaman et a l., 
2008) it is observed that the adsorption follows a BET (Brunauer-Emmet- Teller) 
isotherm, wherein multi- layers form. Thus we see that as the water coverage increases 
with relative humidity, the Lifshitz-van der Waals component of surface energy decreases 
and at high relative humidity will attain a plateau as seen in Figs 3.9-3.16. Once the 
surface is entirely covered with water, the Lifshitz-van der Waals component of surface 
energy of the solid surface should decrease to that of the water layer i.e 26-28 mJ/m2. 
The higher value of the plateau would also indicate the effect exerted by the 
surface of dolomite despite the screening effect of the adsorbed water layers. However 
recent experimental studies have also suggested that water adsorption may not be 
uniformly distributed on the surface of these particles. Water may preferentially cluster 
on the surface leaving bare surface sites. For example in a study of ozone uptake on 
hematite particles, reactivity data suggested that at 23% RH about 12% of the hematite 
surface is not covered with water despite the calculated water coverage of two 
monolayers from the BET analysis . This non uniformity in the water coverage of the 
surface sites may be induced because of imperfections on the surface (Rahaman et al., 
2008). Thus we may not fully realize the LW component of surface tension of pure water 
even after multiple layers, though the results always tend towards it and final plateau 
would be in close proximity. 
The issue of dissociative versus associative adsorption is still controversial 
(Lardge et al., 2009). The dissociative adsorption (also called chemisorption) of water 
leads to isolated hydroxyl groups at the Ca2+ sites and surface bicarbonate anions. 
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However MD simulations by de Leeuw and Parker (1997) and ab initio simulations by 
Lardge and coworkers (2009) have found the physisorption of water on calcite surface to 
be most energetically favorable. But it may be speculated that when a clean surface is in 
contact with a humid gas, dissociative adsorption of water happens first around surface 
defects in order to increase the coordination number of atoms at the defects. Molecular 
adsorption becomes dominant as the monolayer coverage is approached and more water 
can be loosely adsorbed on top of this first layer through hydrogen bonding (Sun and 
Berg, 2002). 
Nonetheless, one notices slightly higher values for IGC compared to any other 
literature, which can be explained by considering the energy heterogeneity. Typically 
IGC measurements are carried out at infinite dilution, the solute molecules adsorbed 
cover a small portion of the total surface present, often <0.1% surface coverage. For the 
surface sites that the solute molecules will interact with, the higher energy sites will make 
a disproportionately larger contribution compared to the contribution by the low energy 
sites (Ylä-Mäihäniemi et al., 2008). This phenomenon can affect the values of the surface 
energy measured and thus infinite dilution measurement produces higher values of 
surface energy compared to say wetting studies. 
Contrary to any of the experiments carried for 30 ºC and 50 ºC of carbonates, the 
dispersive surface energy of calcite and dolomite at 100 ºC actually increases with 
relative humidity (Fig 3.15 and 3.16), though the differences seem almost negligible and 
within error range. This kind of behavior may be expected because of the exposure of the 
entrained moisture to boiling surface temperature which may lead to almost no water 
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coverage and hence almost dry surface. Thus the dispersive surface does not show much 
variation. 
The effect of relative humidity on the surface energy of calcite and dolomite and 
its components was investigated at 30 oC, 50 oC and 100 oC and the results are illustrated 
in Tables 3.1-3.6. 
Table 3.1: Surface energy and its components for calcite at 30 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 71.758 14.326 27.957 453.298 257.700 755.322 
1.591 5 60.546 12.438 24.801 341.677 202.803 587.018 
3.182 10 39.032 9.094 14.069 182.647 65.264 257.393 
4.774 15 38.166 10.130 13.967 226.643 64.316 279.635 
6.365 20 34.040 9.499 11.075 199.281 40.441 213.587 
9.547 30 33.772 8.885 9.678 174.366 30.884 180.540 
12.730 40 39.169 10.374 12.797 237.708 53.990 265.744 
14.321 45 31.698 10.804 11.067 257.812 40.385 235.773 
20.686 65 30.690 9.496 10.815 199.148 38.563 205.959 
27.050 85 31.053 10.331 13.951 235.710 64.167 277.019 
28.642 90 33.178 10.236 13.625 231.392 61.208 271.195 
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Table 3.2: Surface energy and its components for dolomite at 30 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 86.216 10.041 19.982 222.661 131.645 428.633 
1.591 5 73.148 10.018 18.668 221.681 114.897 392.337 
3.182 10 62.521 8.974 18.762 177.887 116.066 349.900 
7.956 25 42.975 7.840 15.989 135.770 84.287 256.925 
9.547 30 38.857 8.465 14.440 158.252 68.750 247.471 
15.912 50 39.698 8.437 13.805 157.218 62.831 238.476 
19.094 60 34.130 8.314 12.206 152.679 49.125 207.338 
25.459 80 37.177 10.897 13.228 262.261 57.690 283.184 
28.642 90 36.371 13.062 17.169 376.822 97.185 419.106 
 
Table 3.3: Surface energy and its components for calcite at 50 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 58.465 11.960 22.425 315.949 165.800 516.217 
4.626 5 40.044 11.692 15.900 301.950 83.353 357.336 
9.251 10 39.008 10.976 14.260 266.091 67.048 306.148 
13.877 15 37.876 11.333 16.417 283.686 88.865 355.428 
18.502 20 34.713 10.575 12.096 246.974 48.240 253.015 
27.753 30 33.727 10.386 12.082 238.231 48.130 247.885 
32.379 35 34.090 10.307 12.512 234.646 51.616 254.194 
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Table 3.4: Surface energy and its components for dolomite at 50 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 71.681 12.522 20.930 346.304 144.436 518.979 
4.626 5 63.950 12.138 16.254 325.385 87.106 400.658 
9.251 10 49.510 11.841 13.757 309.686 62.399 327.532 
13.877 15 44.770 11.649 14.177 299.707 66.270 326.631 
18.502 20 43.696 11.314 14.342 282.743 67.820 320.648 
23.128 25 40.976 11.138 13.863 273.997 63.365 304.505 
27.753 30 42.383 12.687 16.494 355.511 89.692 399.520 
32.379 35 38.317 13.308 16.689 391.155 91.828 417.363 
 
Table 3.5: Surface energy and its components for calcite at 100 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 39.355 11.615 20.102 297.986 133.234 437.862 
3.800 0.5 41.012 12.424 13.713 340.909 62.004 331.788 
7.600 1 41.139 12.165 10.714 326.823 37.844 263.565 
11.400 1.5 40.352 12.363 11.623 337.587 44.539 285.593 
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Table 3.6: Surface energy and its components for dolomite at 100 oC 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 46.449 11.509 17.904 292.560 105.689 398.133 
7.600 1 48.506 12.271 14.502 332.563 69.340 352.215 
11.400 1.5 46.687 11.128 15.072 273.482 74.901 332.931 
15.200 2 45.522 13.166 14.564 382.869 69.930 372.777 
3.3.2.2 Acid base components of surface energy 
As the water coverage increases, the specific components of the surface energy 
follow the same profile as that of the lifshitz-van der Waals component.  
 
Fig 3.17: Effect of water coverage on the basic component of surface energy 
(dichloromethane) of calcite at 30, 50 and 100 oC. 
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Fig 3.18: Effect of water coverage on the basic component of surface energy 
(dichloromethane) of dolomite at 30, 50 and 100 oC. 
However it‟s interesting to see the effect of the absorption of the polar solvents in 
water at greater relative humidity leading to a spike in their specific surface energies as 
observed in Figs 3.17-3.20. In comparison, no such similar effect is observed  in case of 
the dispersive surface interactions because of no absorption in water by non-polar 
solvents, negating any conjecture about the change in the surface structure/contamination 
at higher relative humidity. One can see from the water adsorption isotherms, beyond 
80% RH the adsorbed water content rapidly increases due to capillary condensation and 
thus causing enhanced absorption of polar solvents at high relative humidity.  
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Fig 3.19: Effect of water coverage on the acidic component of surface energy (ethyl 
acetate) of calcite at 30, 50 and 100 oC. 
As the temperature increases, the solubility of the polar solvents decreases and 
thus we observed a less pronounced effect at 50 oC. However it‟s important to consider 
the abnormal increase in specific contribution at high relative humidity to be an apparent 
effect while the true behavior is that of a plateau in the multi- layered regime. It is 
interesting to observe a huge variation in the acidic surface energy component (ethyl 
acetate) of calcite at 100 ºC as the relative humidity increases, while we hardly see any 
variation in the specific contribution of the dichloromethane.  
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Fig 3.20: Effect of water coverage on the acidic component of surface energy (ethyl 
acetate) of dolomite at 30, 50 and 100 oC. 
Though calcite displays amphoteric properties, we can see that it is relatively 
basic in nature owing to the large presence of hydroxyl ions as evidenced by the 
magnitude of the basic component of surface energy.  
3.3.2.3 Total surface energy 
Consistent with the variation in dispersive surface energy, the total surface energy 
decreases sharply as moisture content is slowly increased and eventually attains a plateau 
at higher relative humidity as observed in Fig 3.21-3.22.  
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Fig 3.21: Effect of water coverage on the total surface energy of calcite at 30, 50 & 
100oC. 
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Fig 2.22: Effect of water coverage on the total surface energy of dolomite at 30, 50 & 
100oC. 
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3.3.2.4 Effect of temperature on surface energy 
The effect of temperature on the surface energy and its components has been illustrated in 
the following Tables 3.7 and 3.8. 
Table 3.7: Variation of calcite surface energy and its components with temperature  
Temp γLW γ- γ+ γT 
oC mJ/m
2 mJ/m2 mJ/m2 mJ/m2 
    DCM EA DCM-EA 
30 71.758 453.298 257.700 755.322 
50 58.465 315.949 165.800 516.217 
100 39.355 297.986 133.234 437.862 
 
Table 3.8: Variation of dolomite surface energy and its components with temperature  
Temp γLW γ- γ+ γT 
oC mJ/m
2 mJ/m2 mJ/m2 mJ/m2 
    DCM EA DCM-EA 
30 86.216 222.661 131.645 428.633 
50 71.681 346.304 144.436 518.979 
100 46.449 292.560 105.689 398.133 
 
As the temperature increases, there is a linear decrease in Lifshitz-van der Waals 
component of surface energy, γLW for both calcite and dolomite (Fig 3.23). This can be 
accounted due to the following relation of surface energy with surface internal energy Us, 
entropy Ss and temperature, T. 
 s s sU TS  (3.7) 
However the same cannot be said of the specific sites, which can get activated at 
higher temperatures. In particular, dolomite exhibits an increase in the specific 
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interactions due to the activation of the surface functional groups leading to an increase in 
specific interactions. Since the total surface energy is the sum of Lifshitz-van der Waals 
component of surface energy and the specific components, the total surface energy of 
dolomite also shows maxima at 50 oC. 
                                                    
 
 
Fig 3.23: Effect of temperature on lifshitz-van der Waals component of surface energy of 
calcite and dolomite. 
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Fig 3.24: Effect of temperature on total surface energy of calcite and dolomite. 
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Chapter 4: Sandstone rocks 
As we have previously discussed, the knowledge of surface energy and the acid base 
properties of the rock surface is essential to understand the attractive forces between the 
crudes, brines and the rock. These physico-chemical interactions determine the 
fundamental nature of the reservoir properties such as wettability, which in turn influence 
reservoir production, waterflood recovery and the performance of Enhanced Oil 
Recovery (EOR) processes. As a result, the characterization of surface energetics is 
essential for an improved understanding of the factors affecting the reservoir wettability 
to accurately predict the reservoir performance. 
 Sandstone and carbonate reservoirs are dominant petroleum producers. Thus the 
objective of this chapter is to investigate the surface energetics of sandstone rocks 
subjected to varying water coverage at different temperatures and understand the 
interactions forces that play a crucial role at the rock-water interface before the oil 
migration. In particular, we will be focusing our attention on two sandstone rocks – 
Ottawa sand and Berea sandstone. Ottawa sand comprises of rounded grains of clear and 
colorless quartz (SiO2), uncontaminated by clay. However Berea sandstone is a fairly 
homogeneous rock containing some clay.  
 Due to its industrial importance, silica has been an extensively studied surface. 
However one observes a wide variance in the test silica surfaces (Brendle and Papirer, 
1997; Zumbrum, 1994; Kellou et al., 2008), the methods used to study them (Janczuk and 
Zdziennicka, 1994; Khalfi et al., 1996; Zdziennicka et al., 2009) and thus the surface 
energy pattern displayed in literature. As a result, even such a “simple” surface generates 
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new and fascinating questions and remains an object of study, for years to come (Papirer 
et al., 2000). In the absence of a defined surface characterization of sandstone rocks, 
attempts have been made to correlate the wettability of a mineral with the composition of 
crude oil (Wolcott et al., 1996; Buckley and Liu, 1998) by isolating the acidic and basic 
components of the crude oil. However, the surface chemistry of the rock surface also 
needs to be accounted before we make an effective correlation. The ensuing chapter is an 
attempt to contribute towards this goal.  
4.1 MATERIALS AND APPARATUS 
The Ottawa sand sample under investigation originated  from Ottawa, Canada.  The F95 
Ottawa sand samples were of the highest quality, containing 99% of quartz and were 
obtained from US Silica Company, Bekeley Springs, WV. The Berea sandstone sample 
under investigation originated from Oberlin, Ohio.  The Berea sandstone sample was 
composed of quartz sand, held together by silica and was obtained from Kipton Quarries, 
Ohio. The Berea sandstone cores were ground using mortar and pestle and were 
subsequently sieved to obtain 100 mesh sieve fraction, while the Ottawa sand grains were 
simply sieved to obtain 100 mesh sieve fraction.  
The polar (dichloromethane and ethyl acetate) and non-polar (C5-C9 n-alkanes) 
solvents used for chromatographic injection were obtained from Acros Organics and 
were of the HPLC grade. The experiments were performed using the inverse gas 
chromatograph built by Surface Measurement Systems Ltd. The silanized glass columns 
used for Ottawa sand were 30 cm long and were of the dimensions 6 mm (o.d) x 4 mm 
(i.d). Due to greater specific surface area and thus stronger interaction for Berea 
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sandstone, the column inner diameter was reduced to 2 mm to avoid the lateral dispersion 
and the broadening of peaks. Thus the silanized glass columns used for Berea sandstone 
were 30 cm long and were of the dimensions 6 mm (o.d) x 2 mm (i.d). Silanized glass 
wool was used to hold the powdered samples in place.  
4.2 EXPERIMENTAL PROCEDURE 
The sieved sample was collected in a beaker and was soaked and washed subsequently 
with both water and ethanol. It was dried in the oven for about half an hour. To further 
check for any moisture contamination before we actually study the surface, the cleaned 
sample was packed in a column and flushed with nitrogen gas at 150 oC for over 5 hours. 
Based on the water adsorption studies in the literature (Davydov and Kiselev, 
1980), the isotherms of water adsorption on silica evacuated at 40 oC and 150 oC 
practically coincided, indicating similar surface chemistry at both the temperatures. Thus 
they argue that it is possible to remove physically adsorbed water i.e. to dehydrate the 
surface without removing the silanol groups at low rather than elevated temperatures. At 
200 oC, the dehydroxylation of surface silanols to siloxanes results in hydrophobic 
surfaces (Lamb and Furlong, 1982). Thus the mineral samples are preconditioned at 150 
oC for over 5 hours.    
Before carrying out chromatographic injection, the column is further conditioned 
with helium gas at the test temperature and relative humidity for two hours each. First 
moment method is employed to deduce the retention times from the elution curves 
generated by the detectors.  
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4.3 RESULTS AND DISCUSSION 
4.3.1 Characterization of minerals for surface energy measurement.  
4.3.1.1 X-ray diffraction. 
X-ray diffraction analysis was carried out on both Ottawa sand and Berea sandstone, to 
investigate their purity at the X-ray diffraction facility, housed in the Department of 
Mechanical Engineering, The University of Texas at Austin. The diffraction patterns so 
generated were analyzed using Jade 9 software. The software contains a wide database of 
diffraction patterns of minerals and other materials for mapping and comparison.  By 
default, the Search/Match hits are sorted on their figures of merit (FOMs), which are 
evaluated heuristically on a scale of 0 to 100 for each hit. The smaller the FOM, the 
better the fit, but there is no definite threshold of FOM below which the hit is considered 
positive. That determination can only be made with experience. In general, however a hit 
should be seriously considered if its FOM is less than 10.  
The diffraction pattern and their hits have been illustrated in Fig 4.1 for Ottawa 
sand. The Ottawa sand sample has an FOM of 8.8 and all the major peaks correspond to 
only that of quartz and thus indicating very high content of quartz. Also, the Search/Map 
hit did not show any impurities even with high FOMs. Thus it can be concluded that the 
Ottawa sand sample is nothing but highly pure quartz.  
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Fig 4.1: X-ray diffraction study on Ottawa sand. 
The diffraction pattern for Berea sandstone has been illustrated in Fig 4.2. All the 
major peaks correspond to only that of quartz and thus indicating very high content of 
quartz. Besides quartz, we observed different clay components such as Ankerite, Dickite, 
Siderite and Microcline. It‟s reported in the literature that 75 - 85% of mineral content is 
quartz (Khilar, 1981; Mohan et al., 1993). It also indicates the absence of any swelling 
type of clay minerals such as montmorillonite. The presence of montmorillonite causes 
severe water sensitivity or loss of permeability in a sandstone cores (Johnston and 
Beeson, 1945: Gray and Rex, 1966).  
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Fig 4.2: X-ray diffraction study on Berea sandstone. 
4.3.1.2 Water adsorption isotherms. 
Gravimetric vapor sorption experiments have been carried out using the DVS Advantage-
1 instrument (Surface Measurement Systems, London, UK. Complete sorption and 
desorption isotherms were collected for Ottawa sand sample at 30 °C and 50 °C, between 
0 and 95% RH in 5% RH increments.  The water adsorption isotherms have been plotted 
from Figs 4.3-4.4. The specific surface area of Ottawa sand was measured to be 0.0616 
m2/g using BET adsorption analysis.  
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Fig 4.3: Water adsorption isotherm for Ottawa sand at 30 oC . 
The water adsorption isotherm (Fig 4.3) for Ottawa sand at 30 oC is a type II 
isotherm, indicating multilayer adsorption. The calculated monolayer coverage is 
achieved at 15% RH and beyond 70% RH, the moisture content rapidly shoots up leading 
to a buildup of multilayers. 
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Fig 4.4: Water adsorption isotherm for Ottawa sand at 50 oC. 
The water adsorption isotherm (Fig 4.4) for Ottawa sand at 50 oC is a type IV 
isotherm, indicating multilayer adsorption and capillary condensation. These isotherms 
are similar to type II isotherms except that at high relative pressures, the isotherm appears 
to reach a saturation value. The calculated monolayer coverage is achieved at 15% RH 
and beyond 80% RH, the moisture content rapidly shoots up leading to a buildup of 
multilayers. The striking characteristic of capillary condensation is the appearance of 
hysteresis loop in adsorption – desorption isotherms as shown in Fig 4.4.   Thus we can 
see beyond 80% RH, capillary condensation on Ottawa sand at 50 oC is quite remarkable. 
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Similarly, complete sorption and desorption isotherms were collected for Berea 
sandstone sample at 30 °C and 50 °C, between 0 and 95% RH in 5% RH increments.  
The water adsorption isotherms have been plotted from Figs 4.5-4.6. The specific surface 
area of Berea sandstone was measured to be 0.6893 m2/g. 
 
Fig 4.5: Water adsorption isotherm for Berea sandstone at 30 oC. 
The water adsorption isotherm (Fig 4.5) for Berea sandstone at 30 oC is a type II 
isotherm, indicating multilayer adsorption. The calculated monolayer coverage is 
achieved at 20% RH and beyond 70% RH, the moisture content rapidly shoots up leading 
to a buildup of multilayers. 
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Fig 4.6: Water adsorption isotherm for Berea sandstone at 50 oC. 
The water adsorption isotherm (Fig 4.6) for Berea sandstone at 50 oC is a type IV 
isotherm, indicating multilayer adsorption and capillary condensation. These isotherms 
are similar to type II isotherms except that at high relative pressures the isotherm appears 
to reach a saturation value. The calculated monolayer coverage is achieved at 20% RH 
and beyond 80% RH, the moisture content rapidly shoots up leading to a build up of 
multilayers.  
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4.3.1.3 Surface functionality. 
The atomic structure of silica (SiO2) is tetrahedrally arranged in such a way that each 
silicon atom is bonded to four oxygen atoms and each oxygen atom to two silicon atoms. 
Naturally occurring silica comprises of quartz, tridymite, cristobalite, coesite, keatite, 
stishovite and opal. Even though these polymorphs exhibit a tetrahedral framework, the 
pattern of linkage for each one is different resulting in different structural, physical and 
chemical properties.  
Surface functionality refers collectively to the chemical functional groups that 
terminate the bulk structure of the solid and their immediate environment. At the surface 
of silica, the structure terminates with siloxane links (Si-O-Si) or silanol groups (Si-OH). 
Silanol groups are usually formed in the presence of water, which supplies the H+ ions to 
be used by the surface oxygen atoms to complete their valency. Thus hydrated silica 
heavily populated by surface hydroxyls, which are very important for adsorption. A 
single Si-OH type maybe present as an isolated group where its neighbors exert little or 
no influence on its bonding. The distance between a pair of single isolated silanols is on 
an average 5 Ǻ as estimated from the crystallographic data of crystalline silica. Silanols 
situated at a distance shorter than 2.8 Ǻ are called vicinal in the sense that they can 
interact either mutually or simultaneously with an adsorbate molecule. Two silanol 
groups attached to the same surface silicon atom are called geminal, which are not 
necessarily accessible to mutual hydrogen bonding, yet suitable to interact 
simultaneously with an incoming adsorbate (El Shafei, 2000) 
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 Activity of silica toward adsorption of water vapor relies completely on the 
formation of hydrogen bonding both to single and paired silanol groups. Spectroscopic 
evidence indicates that in the beginning stages of adsorption, water draws oxygen down 
making respectively one or two H bonds with isolated or adjacent vicinal silanols. The 
interaction via one silanol group is very weak, if compared with that involving adjacent 
pair of OH groups. At later stages, hydrogen bonded water clusters are formed before all 
the single hydroxyls are taken up. This is explained on the basis of energetic 
considerations. The calorimetric heat of a single hydroxyl-water bond is ~ 6 kcal/mol, 
which is less than the heat of liquefaction of water, 10.5 kcal/mol (Bassett, 1967). 
Therefore water is energetically favored in the liquid compared to the bonding by a single 
hydroxyl. On the other hand, multiple bonding of water to the surface hydroxyls is 
accompanied by higher heat of adsorption in which case the surface is occupied to a large 
degree before the clustering occurs. The clustered molecules are more translationally and 
rotationally restricted in their motion than those weakly bound to the silanols and 
therefore have lower entropy. Thus at low coverages, water adsorption on silanols is 
favored by entropy, whereas at higher coverages, water clustering is favored by energy 
stabilization in clusters. 
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4.3.2 Measurement of surface energy of minerals.  
As we have discussed in chapter 1, the interaction forces at the rock-fluid interface are 
the critical determinant of reservoir wettability and reservoir flow performance. Thus 
surface energy characterization of the sandstone rocks would enable a quantifiable 
interaction pattern at different water coverage and at different temperatures.  
4.3.2.1 Lifshitz-van der Waals component of surface energy 
 
 
 
Fig 4.7: Effect of water coverage on Lifshitz-van der Waals component of surface energy 
of Ottawa sand at 30, 50 and 80 oC. 
Similar to the trend for carbonate rocks, as the relative humidity of the carrier gas stream 
increases, we observe increasing water coverage on the sandstone surface, which leads to 
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a reduction in the surface energy on account of reduced access to the bare surface for the 
probe solvent. The mineral surface is strongly heterogeneous because of different crystal 
surfaces exposed and lattice defects. The adsorbed water layer covers these features and 
makes the surface smoother and nearly homogeneous (Sun and Berg, 2002). The 
adsorbed water layer stabilizes the surface by presenting a low energy surface to the 
probe molecules (Keller and Luner, 2000).  
 
Fig 4.8: Effect of water coverage on Lifshitz-van der Waals component of surface energy 
of Berea sandstone at 30 and 50 oC. 
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Fig 4.9: Effect of relative humidity on Llifshitz-van der Waals component of surface 
energy of Ottawa sand at 30 oC. 
 
Fig 4.10: Effect of relative humidity on Llifshitz-van der Waals component of surface 
energy of Berea sandstone at 30 oC. 
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Fig 4.11: Effect of relative humidity on Llifshitz-van der Waals component of surface 
energy of Ottawa sand at 50 oC. 
 
Fig 4.12: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of Berea sandstone at 50 oC. 
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Fig 4.13: Effect of relative humidity on Lifshitz-van der Waals component of surface 
energy of Ottawa sand at 80 oC. 
Based on the water adsorption isotherms discussed in Section 4.3.1.2, we can 
clearly state the formation of multilayers beyond the monolayer coverage. In case of 
Ottawa sand, the monolayer water coverage is achieved at 15% RH while for Berea 
sandstone, the monolayer coverage is achieved at 20% RH for both 30 and 50 oC.  Thus it 
is clearly evident from Fig 4.7-4.12, that the Lifshitz-van der Waals component of surface 
energy decreases rapidly with increasing water coverage and only begins to plateau 
beyond the afore-mentioned critical monolayer coverage. It is to be noted that during the 
rapid descent regime, molecular adsorption on surface silanol groups is the dominant 
mechanism. During the plateau regime, water clustering is favored by energy 
stabilization in clusters. 
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As we increase the temperature, the surface energy of the dry surface decreases. 
Thus we see the inception points drop lower, with increase in temperature in the surface 
energy plots as depicted in Fig 4.7 and 4.8. We also see an interesting feature of a cross-
over in both the figures, which leads to the plateau settling at a higher value. This might 
seem counter- intuitive at first, since with increase in temperature, the Lifshitz-van der 
Waals component of the surface tension of water should also decrease. Thus the plateau 
should invariably lie beneath the previous trend at greater temperature. However, caution 
must be exercised in rushing towards such a conclusion. It must be noted that the water 
coverage at 15% RH for 30 and 50 oC are not the same. Thus when the monolayer 
coverage is achieved for 30 oC and the plateau process begun, it is still in an under-
saturated surface for the same water coverage at 50 oC. That is why we see cross-over 
between the trends. 
The higher value of the plateau at increased temperatures could be due to 
increased clustering/islanding phenomena, wherein complete monolayer is never 
achieved (Rahaman et al., 2008). As we have previously mentioned, during the plateau 
regime, water clustering is favored by energy stabilization in clusters. This may result in 
the observation of bare uncovered surfaces in between pockets of clustered water. This 
could be accentuated by the increased thermal vibrations at the surface due to increase in 
temperature, which substantially reduces the adhesion interactions between the 
molecules. Thus the plateau surface energy goes up with increase in temperature.  
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The Lifshitz-van der Waals component of surface energy measured for the 
various silica surfaces in the literature has varied from 49-336 mJ/m2 at 0 ºC and from 
30-156 mJ/m2 at 110 ºC (Papirer et al., 2000).  
The effect of relative humidity on the surface energy of Ottawa sand and Berea 
sandstone and its components was investigated at 30, 50 and 80 oC and the results are 
illustrated in Tables 4.1-4.5. 
Table 4.1: Surface energy and its components for Ottawa sand at 30 ºC. 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 107.781 14.083 21.638 438.025 154.363 627.838 
1.591 5 97.052 10.882 19.528 261.538 125.727 459.722 
3.182 10 63.261 10.486 20.436 242.856 137.693 428.991 
4.774 15 56.897 10.339 18.578 236.111 113.801 384.736 
6.365 20 52.727 10.545 18.020 245.604 107.062 377.041 
7.956 25 48.159 10.067 16.484 223.846 89.586 331.378 
12.730 40 45.080 9.832 14.875 213.519 72.952 294.693 
15.912 50 35.204 11.358 13.781 284.926 62.617 302.347 
19.094 60 34.285 10.894 12.614 262.138 52.460 268.820 
23.868 75 30.364 11.862 12.640 310.782 52.676 286.260 
28.642 90 29.885 11.143 12.938 274.237 55.193 275.942 
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Table 4.2: Surface energy and its components for Berea sandstone at 30 ºC. 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 106.002 13.853 18.117 423.850 108.214 534.332 
1.591 5 104.829 13.477 17.927 401.133 105.956 517.151 
3.182 10 75.5048 12.387 17.481 338.862 100.757 445.060 
4.774 15 73.0379 11.889 17.470 312.185 100.622 427.510 
6.365 20 69.1206 12.287 17.068 333.427 96.052 427.038 
9.547 30 39.407 10.299 13.615 234.252 61.118 278.714 
14.321 45 35.8743 8.704 12.210 167.323 49.154 217.253 
19.094 60 32.491 11.095 9.695 271.874 30.988 216.063 
23.868 75 29.138 11.683 10.169 301.447 34.094 231.895 
28.642 90 36.9349 13.152 16.497 382.056 89.727 407.237 
 
Table 4.3: Surface energy and its components for Ottawa sand at 50 ºC. 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 96.925 15.928 21.134 560.326 147.263 671.435 
4.626 5 63.582 14.165 20.598 443.152 139.889 561.545 
9.251 10 56.133 13.513 18.171 403.301 108.864 475.203 
18.502 20 51.281 12.121 17.683 324.515 103.092 417.094 
27.753 30 44.045 12.980 17.037 372.114 95.705 421.474 
32.379 35 33.293 11.454 17.168 289.742 97.178 368.891 
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Table 4.4: Surface energy and its components for Berea sandstone at 50 ºC. 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 89.257 13.768 18.010 418.675 106.941 512.452 
4.626 5 64.531 12.322 17.792 335.358 104.368 438.701 
9.251 10 59.141 11.929 14.737 314.285 71.605 359.170 
18.502 20 49.263 11.543 13.489 294.282 59.988 314.994 
23.128 25 47.346 11.331 14.978 283.559 73.971 337.003 
27.753 30 45.250 10.945 16.668 264.598 91.605 356.625 
32.379 35 44.247 13.417 18.600 397.562 114.068 470.155 
Table 4.5: Surface energy and its components for Ottawa sand at 80 ºC. 
pw RH γLW ∆G- ∆G+ γ- γ+ γT 
mm Hg  % mJ/m2 KJ/mol KJ/mol mJ/m2 mJ/m2 mJ/m2 
      DCM EA DCM EA DCM-EA 
0.000 0 83.448 18.442 22.387 751.193 165.239 788.079 
8.891 2.5 49.790 13.023 19.615 374.563 126.857 485.753 
17.782 5 46.879 13.788 17.700 419.883 103.295 463.398 
26.672 7.5 35.010 10.977 14.665 266.118 70.907 309.744 
 
4.3.2.2 Acid base components of surface energy 
The behavior of acid-base properties with increasing water coverage follows an 
interesting trend as depicted by Fig. 4.14-4.17. As the water coverage increases, the 
specific components of the surface energy follow the same profile, as that of the Lifshitz-
van der Waals component till the plateau region. However, we see an abnormal increase 
in these interactions, in the multi layer regime. In particular, we see a very pronounced 
effect with regard to the acid-base behavior in Berea sandstone. Despite the absence of 
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any clay swelling montmorillonites in Berea sandstone, we can still expect some effect 
exerted due to the presence of other types of clays.  
 
 
Fig 4.14: Effect of water coverage on the basic component of surface energy 
(dichloromethane) of Ottawa sand at 30, 50 and 80 oC. 
It is indeed interesting to note, that many of the commercial polar solvents used to 
study the acid-base surface chemistry are found to be soluble in water (Goss and 
Schwarzenbach, 2002).  Thus at higher water coverages, the polar solvents dissolve in the 
water layer formed on the surface and thus lead to an abnormal increase in their specific 
components. Thus the effect can be presumed to be an apparent one rather than the true 
behavior. However, as the temperature increases, the solubility of the polar so lvents 
decreases and thus we observe a less pronounced effect at 50 and 80  oC.  
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Fig 4.15: Effect of water coverage on the basic component of surface energy 
(dichloromethane) of Berea sandstone at 30 and 50 oC. 
Contrary to the behavior exhibited by the Lifshitz-van der Waals component, the 
specific components actually increase with temperature. This could be due to the 
activation of specific functional groups, which leads to a strong polar interaction with 
polar probes. Upon comparison of Fig 4.14 and 4.15, one can clearly see that the basic 
interaction pattern for Ottawa sand surface is very reactive to temperature than Berea 
sandstone. In this light, it is also interesting to note the effect of clay on Berea sandstone, 
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since it displays consistently lower acid-base components than Ottawa sand, which is 
mostly quartz. 
 
 
 
Fig 4.16: Effect of water coverage on the acidic component of surface energy (ethyl 
acetate) of Ottawa sand at 30, 50 and 80 oC. 
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Fig 4.17: Effect of water coverage on the acidic component of surface energy (ethyl 
acetate) of Berea sandstone at 30 and 50 oC. 
4.3.2.3 Total surface energy 
Consistent with the variation in dispersive surface energy, the total surface energy 
decreases sharply as moisture content is slowly increased and eventually attains a plateau 
at higher relative humidity. 
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Fig 4.18: Effect of water coverage on the total surface energy of Ottawa sand at 30, 50 & 
80 oC. 
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Fig 4.19: Effect of water coverage on the total surface energy of Berea sandstone at 30 & 
50oC 
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4.3.2.4 Effect of temperature on surface energy 
The effect of temperature on the surface energy and its components has been 
illustrated in the following Tables 4.7-4.8.  
Table 4.7: Variation of Ottawa sand surface energy and its components with temperature  
Temp γLW γ- γ+ γT 
oC mJ/m2 mJ/m2 mJ/m2 mJ/m2 
    DCM EA DCM-EA 
30 107.781 438.025 154.363 627.838 
50 96.925 560.326 147.263 671.435 
80 83.448 22.387 751.193 165.239 
 
Table 4.8: Variation of Berea sandstone surface energy and its components with 
temperature 
Temp γLW γ- γ+ γT 
oC mJ/m
2 mJ/m2 mJ/m2 mJ/m2 
    DCM EA DCM-EA 
30 106.002 423.850 108.214 534.332 
50 89.257 418.675 106.941 512.452 
 
 
As the temperature increases, there is a linear decrease in Lifshitz-van der Waals 
component of surface energy, γLW for both Ottawa sand and Berea sandstone as depicted 
in Fig 4.20. In fact, we observe a linear behavior for both the materials. This can be 
accounted due to the following relation of surface energy with surface internal energy Us, 
entropy Ss and temperature, T. 
 s s sU TS  (4.1) 
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Mostly they can be explained due to the weakening of the electrostatic forces of 
interaction, which comprise the Lifshitz-van der Waals interactions due to increased 
thermal vibrations with increase in temperature. However, there can also be increases in 
the LW component of surface energy with temperature for different materials. Sepiolite 
and Bentonite, a type of clay have reported an increase in Lifshitz-van der Waals 
component with temperature (Morales et al., 1991; Hamdi et al., 1999). Thus a lot of this 
behavior is due to changes in the surface functional groups with temperature. Some of the 
acidic and basic sites may get activated with increase in temperature leading to an 
increase in the specific interactions. Thus we can see a small increase in the total surface 
energy at 50 oC for Ottawa sand before dropping rapidly (Fig 4.21). 
 
 
Fig 4.20: Effect of temperature on lifshitz-van der Waals component of surface energy of 
Ottawa sand and Berea sandstone.  
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Fig 4.21: Effect of temperature on the total surface energy of Ottawa sand and Berea 
sandstone. 
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Chapter 5:  Conclusion 
This work shows that Inverse Gas Chromatography is a useful tool to characterize the 
surface chemistry of reservoir rocks (carbonates and sandstones). The technique and 
methodology of Inverse Gas Chromatography to accurately map the surface energy of a 
rock surface is introduced. The surface interaction forces responsible for the attraction at 
the reservoir rock-fluids interface were quantified and plotted. The behavior of Lifshitz- 
van der Waals and acid-base properties of the surface were mapped at different 
temperatures and for different water coverage. 
 Compared to carbonates, sandstones (Ottawa sand and Berea sandstone) displayed 
consistently higher Lifshitz- van der Waals components of surface energies. However, 
the calcite surface displayed substantial acid-base properties in comparison with 
dolomite. This indicates that the dolomitization process (replacement of Ca2+ ions by 
Mg2+ ions) depresses the acid-base bonding due to steric hindrance provided by the 
surrounding Ca2+ ions. Calcite was the lone material, whose acid-base properties 
decreased with temperature. Sandstones also displayed a substantial interaction due to 
acid-base bonding. However, the presence of clay depressed the acid-base component of 
surface energy at higher temperatures when compared with Ottawa sand, which is just 
pure quartz. 
 The elaboration of the surface chemistry of the rock surface can now be correlated 
with the chemistry of crude oils/brine. Based on the polar/non-polar components in the 
reservoir fluids, we can more accurately conclude about the wetting properties arising in 
the reservoir. 
 100 
References 
Adamson, A. W.; Gast, A. P. Physical chemistry of surfaces, John Wiley & Sons, Inc., 
1997. 
Bascom, W. D. The wettability of polymer surfaces and the spreading of polymer liquids. 
1986. 
Brendle, E.; Papirer, E. A new topological index for molecular probes used in inverse gas 
chromatography for the surface nanorugosity evaluation. J. Colloid Interface Sci., 
1997, 194-207. 
Buckley, J. S.; Liu, Y. Some mechanisms of crude oil/ brine/solid interactions. J. Pet. Sci. 
and Engg., 1998, 20, 155-160. 
Calcite in aqueous solutions. Encyclopedia of Surface and Colloid Sci., 2002, 5081-5095. 
Crocker, M. E.; Marchin, L. M. Wettability and adsorption characteristics of crude-oil 
asphaltene and polar fractions. J. Petro. Tech., 1988, 470-474. 
D. R Bassett. Thesis, Lehigh University, 1967. 
Davidov, V. Ya.; Kiselev, A. V. Kolloid Zhurn. (Colloid J., Russian), 1980, 42:348. 
de Leeuw, N. H.; Parker, S. C. Atomistic simulation of the effect of molecular adsorption 
of water on the surface structure and energies of calcite surfaces. J. Chem. Soc., 
Faraday Trans., 1997, 93(3), 467-475. 
de Leeuw, N. H.; Parker, S. C. Surface-water interactions in the dolomite problem. Phys. 
Chem. Chem. Phys., 2001, 3, 3217-3221. 
Dorris, G. M.; Gray, D. G. Adsorption of n-alkanes at zero surface coverage on cellulose 
paper and wood fibres. J. Colloid Interface Sci., 1980, 77, 353-362. 
El Shafei. Silica Surface Chemical properties. Marcel Dekker, Inc. N. Y., 2000, 37. 
Erbil, H. Y. Surface chemistry of solids and liquid interfaces, Blackwell Publishing, 
2006. 
Finn Knut Hansen. The measurement of surface energy of polymer by means of contact 
angles of liquids on solids- A short overview of frequently used methods.  
Fowkes, F. M.; Mostafa, M. A. Acid-base interactions in polymer adsorption. Ind. Eng. 
Chem. Prod. Res. Dev., 1978, Vol. 17, 1, 3-7. 
Freeman, C. L.; Asteriadis, I.; Yang, M.; Harding, J. H. Interaction of organic molecules 
with calcite and magnesite surfaces. J. Phys. Chem. C. 2009, 113, 3666-3673 
Girifalco, L. A.; Good, R. J. A theory for the estimation of surface and interfacial 
energies. I Derivation and application to interfacial tension. J. Phys. Chem. C. 
1957, 904, 61. 
 101 
Goss, K. U.; Schwarzenbach, R. P. Adsorption of a diverse set of organic vapors on 
quartz, CaCO3 and α- Al2O3 at different relative humidities. J. Colloid Interface 
Sci., 2002, 252, 31-41. 
Gray, D. H;  Rex, R. W. Formation damage in sandstones caused by clay dispersion and 
migration, Fourteenth national conference on clays and clay minerals, 1966. 
Hamdi, B.; Kessaissia, Z.; Donnet, J. B.; Wang, T. K. Variation of surface energy of a 
bentonite by chemical and thermal treatments. Annales de Chimie Science des 
Materiaux, 1999, 24, 63-73 
Janczuk, B.; Zdziennicka, A. A study of the components of surface free energy of quartz 
from contact angle measurements. J. Mat. Sci., 1994, 29, 3559-3564. 
Johnston, N; Beeson, C. M. Water permeability of reservoir sands, Trans. A.I. M. E, 
1945, 160, 43. 
Keller, D. S.; Luner, P. Surface energetics of calcium carbonates using inverse gas 
chromatography. Colloids and Surfaces A: Physicochem. and Engg Aspects, 
2000, 161, 41-415. 
Kellou, H.; Hamdi, B.; Brendle, E.; Gottschalk-Gaudig, T.; Barthel, H.; Ridaoui, H.; 
Donnet, J. B. Surface properties of dimethylsilylated silicas assessed using IGC at 
finite concentration.  J. Colloids and Surfaces A: Physicochem. and Engg Aspects, 
2008, 327, 90-94. 
Kerisit, S.; Parker, S.; Harding, J. H. Atomistic simulation of the dissociative adsorption 
of water on calcite surfaces. J. Phys. Chem. B, 2003, 107, 7676-7682. 
Khalfi, A.; Papirer, E.; Balard, H.; Barthel, H.; Heinemann, M. Characterization of 
silylated silicas by inverse gas chromatography: Modelization of the 
poly(dimethylsiloxane) monomer unit/surface using poly(dimethylsiloxane) 
oligomers as probes. J. Colloid Interface Sci., 1996, 184-586. 
Khilar, K. C. The water sensitivity of Berea sandstone. Thesis, University of Michigan, 
1981, 5. 
Lamb, R. N.; Furlong, D. N. J. Chem. Soc., Faraday Trans. I, 1982, 61 
Lardge, J. S.; Duffy, D. M.; Gillian, M. J. Investigation of the interaction of water with 
the calcite(10.4) surface using ab initio simulation, J. Phys. Chem., 2009, 113, 
7207-7212. 
Liang, Y.; Lea, A. S.; Baer, D. R.; Engelhard, M. H. Structure of the cleaved CaCO3 
(1014) surface in an aqueous environment. Surface Sci., 1996, 351, 172-182. 
Morales, E.; Dabrio, M. V.; Herrero, C. R.; Acosta, J. L. Acid/base characterization of 
sepiolite by inverse gas chromatography. Chromatografia, 1991, 31, 357-361. 
Morimoto, T.; Kishi, J.; Okada, O.; Kadota, T. Interaction of water with the surface of 
calcite. Bull. Chem. Soc. Jpn. 1980, 53, 1918-1921. 
 102 
Myers, D. Surfaces, interfaces and colloids: Principles and applications. Wiley-Vch, 1999. 
Okayama, T.; Keller, D. S.; Luner, P. The wetting of calcite surfaces. J. Adhesion, 1997, 
Vol. 63, 231-252. 
Papirer, E. Adsorption of Silica Surfaces, Marcel Dekker, Inc. N. Y., 2000, 217. 
Pokrovsky, O. S.; Schott, J.; Mielczarski, J. A. Surface speciation of do lomite and calsite 
in aqueous solutions. Encyclopedia of Surface and Colloid Sci., 2002, 5081-5095. 
Rahaman, A.; Grassian, V. H.; Margulis, C. J. Dynamics of water adsorption onto calcite 
surface as a function of relative humidity. J. Phys. Chem. C. 2008, 112, 2109-
2115. 
Schmitt, P.; Koerper, E.; Schultz, J.; Papirer, E. Characterization by inverse gas 
chromatography of calcium carbonate before and after treatment with stearic acid. 
Chromatographia, 1988, Vol. 25, 9, 786-790. 
Skoog, D. A.; Leary, J. J. Principles of instrumental analysis, 4th ed., 1992, Saunders 
College Publishing, USA. 
Somasundaran, P. Encyclopedia of surface and colloid science, Taylor and Francis, 
2006, Vol. 1. 
Staszczuk, P.; Janczuk, B.; Chibowski, E. Mater. Chem. Phys, 1985, 469. 
Sun, C.; Berg, J. C.; Effect of moisture on the surface free energy and acid-base 
properties of mineral oxides. J. Chrom. A., 2002, 969, 59-72. 
Thomas, M. M.; Clouse, J. A.; Longo, J. M. Adsorption of organic compounds on 
carbonate minerals. 3. Influence on dissolution rates. Chem. Geology, 1993, 109, 
227-237. 
Titiloye, J. O.; de Leeuw, N. H.; Parker, S. C. Atomistic simulation of the differences 
between calcite and dolomite surfaces, Geochemica et Cosmochimica Acta, 1998, 
Vol. 62, 15, 2637-2641. 
van Oss, C. J.; Good, R. J.; Chaudhury, M. K. Additive and nonadditive surface tension 
components and the interpretation of contact angles. Langmuir, 1988, 4, 884-891. 
Wolcott, J. M.; Groves, F.; Lee, H. The influence of crude-oil composition on mineral 
adsorption and wettability adsorption. SPE, 1996, 25194. 
Wright, K.; Cygan, R. T.; Slater, B. Structure of the (1014) surfaces of calcite, dolomite 
and magnesite under wet and dry conditions. Phys. Chem. Chem. Phys., 2001, 3, 
839-844. 
Ylä-Mäihäniemi, P. P.; Heng, J. Y. Y.; Thielmann, F.; Williams, D. R. Inverse gas 
chromatographic method for measuring the dispersive surface energy distribution 
for particulates, Langmuir, 2008, 24, 9551-9557. 
 103 
Zisman, W. A. Contact angle, wettability and adhesion. ACS Adv. Chem. Ser., 1964, 43, 
1. 
Zdziennicka, A.; Szymczyk, K.; Janczuk, B. Correlation between surface free energy of 
quartz and its wettability by aqueous solutions of nonionic, anionic and cationic 
surfactants. J. Colloid Interface Sci., 2009, 340, 243-248. 
Zumbrum, M. A. Acid/base properties of fumed silica fillers used in silicone elastomers. 
J. Adhesion, 1994, 46, 181-196. 
